Fusarium oxysporum f. sp. cubense (Foc) is one of the major threats to dessert banana (Musa spp.) production. In Uganda, 'Sukali Ndiizi' is one of the most popular dessert banana cultivars and it is highly susceptible to Fusarium wilt. Development of resistant cultivars through transgenic approaches has shown to offer one of the most effective control options for most diseases. The transgenic approaches for providing plant disease resistance have mainly been through either enzymatic destruction of pathogen structures, neutralization of pathogen and its products or production of metabolites that eventually kill the pathogen. However in recent years, methods that prevent cell death of host plant after infection especially for necrotrophic pathogens like F. oxysporum have registered success in providing resistance in several crops. We investigated whether the transgenic expression of a programmed cell death inhibition gene in Sukali Ndiizi could be used to confer Fusarium resistance to Foc race 1. Embryogenic cell suspensions of cv. 'Sukali Ndiizi, were stably transformed with a synthetic, plant-codon optimise mCed-9 gene. Twenty-eight independently transformed plant lines were regenerated. The lines were inoculated with Foc race 1 and observed for 13 weeks in small-plant glasshouse. Three transgenic lines showed significantly lower internal and external disease symptoms than the wild-type susceptible 'Sukali Ndiizi' banana plants used as controls. This is the first report from Africa on the generation of Fusarium wilt tolerant transgenic 'Sukali Ndiizi', a very popular but rapidly diminishing African dessert banana.
INTRODUCTION
Fusarium wilt, was first reported in Uganda in 1952 (Leaky, 1970) and it continues to be a major threat to dessert banana production in Africa and worldwide (Ploetz and Pegg, 2000) . This disease is caused by a soil-borne fungal pathogen Fusarium oxysporum forma specialis (f. sp.) cubense (Foc) that affects the root *Corresponding author. E-mail: bettymagambo@gmail.com.
Author(s) agree that this article remains permanently open access under the terms of the Creative Commons Attribution License 4.0 International License system hampering nutrient and water supply to the plant. Insufficient supply of nutrients eventually leads to wilting and death of plants. Based on Foc variation in virulence to specific host cultivars, four physiologically distinct 'races' have been identified. The race predominant in Uganda is race 1 (Kangire et al., 2001) . East African highland bananas (AAA-EA) are resistant to (Foc race 1), but the popular dessert banana Sukali Ndiizi (AAB genome), Bogoya (Gros Michel) (AAA) and the juice bananas Kisubi (ABB) and Kayinja (ABB) are susceptible to Foc (race 1). Sukali Ndiizi is a small sweet banana characterized by having a compact bunch, short fruit fingers which are very sweet when ripe. It is a widely distributed cultivar and is gaining importance as a potential export commodity for Kenya and Uganda for both local and export markets (Tushemereirwe et al., 2001; Van Asten et al., 2008) . Fusarium wilt has rapidly spread over the past decades in the region and has now become a major constraint to the production of Sukali Ndiizi causing losses up to 100% in some farms (Tushemereirwe et al., 2001 ).
At present, there are no cultural or chemical methods available that can effectively and sustainably control Foc (Ploetz, 2015) . Fusarium chlamydospores remain viable in the soil for decades, leaving the infested fields unsuitable for growing susceptible banana cultivars. The only sustainable option for controlling this disease is through the use of resistant cultivars generated either by conventional breeding or through genetic modification. This option needs availability of resistance genes and some sources of resistance to Foc have been identified in a few wild bananas cultivars (Ploetz, 2006) . Genetic engineering to enhance antifungal resistance through over-expression of genes that code for anti-fungal proteins or other diseases has emerged as a very promising strategy and has been tested in many crop plants (Collinge et al., 2010; Punja, 2001; Grover and Gowthaman, 2003) . Development of Foc resistance in banana through genetic engineering may be supported by the availability of efficient and reliable banana transformation protocols (Khanna et al., 2004; Becker et al., 2000) .
Different strategies have been used to identify gene products that can be expressed in transgenic tissues to counter the attack from plant pathogens. They involve destruction of pathogen structures such as chitin or glucan, neutralization of pathogen products and production of metabolites that eventually kill the pathogen, (Punja, 2001) . The antimicrobial peptide (Ace-AMP1) gene derived from onion seeds was able to confer resistance to banana cultivar Rasthali after infection with Foc race 1 under a screen house evaluation (Mohandas et al., 2013) . The neutralizing effects result from induced innate responses that involve production of defensins, phytoalexins or through signalling molecules that are initiated by R genes (Girhepuje and Shinde, 2011) . Use of Programmed Cell Death (PCD) genes is one other way that has been successfully used to provide resistance against necrotrophic fungal pathogens (Gaolathe and Arunika, 2015) . Human Bcl-xL and nematode Ced9 genes have been shown to increase tolerance of tomato to cucumber mosaic virus (Ping et al., 2004) . Constitutive expression of various anti-apoptotic Bcl-2 gene family members (including Bcl-xL, Ced-9 and Bcl-2 3′ UTR) in transgenic tobacco plants resulted in high levels of resistance to a broad range of necrotrophic fungi (Dickman et al., 2001 ). This research has previously shown that when banana cell suspensions are exposed to soil pathogen, Agrobacterium tumefaciens, extensive cell death follows. This is accompanied by DNA laddering and fragmentation and the formation of apoptotic-like bodies (Khanna et al., 2007) . These cellular responses were also inhibited in cells expressing the anti-apoptosis genes Bcl-xL, Bcl-2 3′ UTR and Ced-9.
A native banana MusaBAG1 and a nematode antiapoptosis gene Ced9 have conferred Foc race 1 resistance in transgenic banana cultivar 'Rasthali' and 'Lady Finger' respectively (Ghag et al., 2014; Paul et al., 2011) . It was therefore hypothesized that a synthetic, plant codon-optimized version of Ced9 (mCed9) may also be able to confer Foc race 1 resistance to cv. Sukali Ndiizi. In this paper we demonstrate transgenic resistance in cv. Sukali Ndiizi to Foc race 1 conferred by mCed9 genes under glasshouse conditions.
MATERIALS AND METHODS
Binary vector pYC11 was generated by cloning a synthetic, plantcordon optimised mCed-9 gene under control of the maize polyubiquitin (Ubi-1) constitutive promoter in pCambia2300 that also has the plant selection marker gene, nptII under the control of constitutive CaMV 35S promoter in the T-DNA region. Embryogenic cell suspensions (ECSs) of the banana cultivar 'Sukali Ndiizi (Musa spp. AAB group) were initiated and maintained as previously described (Namanya et al., 2004) . The ECS were transformed with pYC11 construct using Agrobacterium-mediated transformation protocol as previously described (Khanna et al., 2004) with slight modifications. Briefly, a single confirmed colony of AGL1/pYC11 was inoculated in 10 ml of Yeast mannitol broth media containing selectable antibiotics and incubated for 3 days at 28°C. 5ml of this culture was incubated in 20 ml of LB with shaking overnight at 28°C. The bacterial culture was centrifuged at 5000 rpm for 10 min and the pellet re-suspended and induced for 3 h in bacterial resuspension media TMA1 supplemented with 200 µM acetosyringone and shaking at 70 rpm, room temperature for 4 h. After 3 days of co-cultivation in the dark, infected ECS were washed with liquid MA2 medium supplemented with 200 μg ml -1 Timentin® for killing the Agrobacterium. The cells were then plated on glass filter paper and transferred to semi-solid embryo germination media supplemented with 200 μg ml -1 Timentin®, 100 μg ml -1 kanamycin and kept at 25°C in the dark. The cells on glass filters were sub-cultured on fresh media every 14 days while being observed for embryo development. Mature embryos were transferred to germination medium MA4 supplemented with 200 μg ml -1 Timentin and 100 μg ml -1 kanamycin. The germinated shoots were then transferred to MS to enable root formation. Well rooted plantlets were put on multiplication media with sub-cultures every month to get 10 clones for every line. These plants were transferred to the glass house and kept in the humid chamber for 2 weeks before being transferred to bigger pots of 200 mm diameter. The plants were left to attain a height of 10 to 15 cm before Foc bioassays were carried out.
Molecular characterization of transgenic plants
Leaf samples were collected and total genomic DNA extracted using the modified CTAB protocol (Grover and Gowthaman, 2003) . Briefly, 1 g of leaf tissue was ground in liquid nitrogen and incubated in 700 µl of CTAB extraction buffer at 65°C for 30 min. The total DNA was extracted using 700 µl of chloroformisoamylalcohol (24:1) v/v and precipitated using an equal volume of isopropanol. After washing the pellet with 1 ml of 70% cold ethanol, the DNA was treated with RNase A, re-extracted and reprecipitated. The final precipitate was washed and re-suspended in sterile water. To detect the presence of mced9 and nptII gene sequence primer pairs. PCR was done with a reaction that contained 50 ng of plant DNA, 1.2 mM MgCl2, 0.4 μM of each of the primer pairs, 1x PCR buffer, 0.24 mM dNTPs and 0.02 Unit Taq per reaction of 20 μl. The reaction mixture was subjected to an initial denaturation step of 95°C for 2 min followed by 30 cycles of 94°C for 30 s; annealing temperatures of 55°C for 30 s; 72°C for 2 min and a final extension step of 72°C for 5 min. The PCR products were run on 1% agarose. For RT-PCR analysis, RNA was extracted from 100 mg of fresh leaf tissue using an RNeasy Plant Mini kit (Qiagen, Valencia, CA) following the manufacturer's instructions and was treated with RNase-free DNase (Promega, Madison, WI). Two-step RT-PCR was performed using RNA to cDNA EcoDry TM premix protocol (Clonetech, Shiga, Japan), a pre-aliquoted, dry master mix, for reverse transcription, followed by normal PCR amplication with the appropriate gene-specific primers. The southern analysis of transgenic plants was essentially done as described by Khanna et al. (2007) .
Fungal cultures and inoculum preparation
F. oxysporum f. sp. cubense race 1 (VCG 0124) isolate was obtained from plant pathology laboratories at NARO, Uganda. The fungus was inoculated on full strength potato dextrose agar (PDA) supplemented with 200 μg ml -1 ampicillin and incubated for 7 days at 27°C. Millet grain (Echinochloa esculenta) was rinsed in tap, soaked overnight and rinsed with distilled water before autoclaving at 121°C for 1 h. Five potato dextrose agar stabs of 1 mm 3 were taken from a uniformly growing fungal culture using a sterile blade and inoculated into 250 g of cooled sterile millet grain. The cultures were incubated at room temperature (23 to 25°C) and mixed daily for 10 days to ensure even distribution of the growing fungus.
For quantifying different spore concentrations, Foc race 1 was grown on full strength PDA and incubated for 7 days at 27°C. Mycelium of grown Foc race 1 was first harvested by scraping using a sterile blade and placed in a falcon tube with 20 ml of sterile water. The contents were mixed vigorously and filtered through a sterile nylon mesh to separate the mycelium from the spores. The spores in the filtrate were washed twice in 20 ml of water, centrifuged at 1000 rpm and suspended in 1 ml of sterile water. The conidia concentration in the suspension was determined with a haemocytometer and concentration adjusted to 2 x 10 4 spores ml -1
and 2 x 10 6 spores ml -1 . For millet inoculation, 50 ml of each spore concentration was added to 250 g of sterile millet and 5 agar stabs were also used for this experiment.
Small-plant bioassay
Twenty-eight lines of tissue-cultured transgenic plants (5 to 10 clones per line) of the 'Sukali Ndiizi cultivar and five wild-type tissue-cultured banana plants of 'Sukali Ndiizi were acclimatized and transplanted into 100-mm diameter pots in sterile soil for 8 weeks in a glasshouse at 27°C under natural light conditions. Selected transgenic banana lines and wild-type control plants were potted into 200 mm pots with sterile soil and inoculated with five mycelia agar stabs of Foc race 1 in a glasshouse trial. Plants were maintained with regular watering and fertiliser regime in a greenhouse with an average temperature between 25 and 27°C.
Assessment of disease symptoms
Twelve weeks after inoculation, external and internal symptoms of Fusarium wilt infection were assessed using a modified version of the method described by Mak et al. (2001) . External symptoms of the Fusarium wilt were assessed by scoring each plant for the intensity of the three main disease symptoms (Table 2 ). This was based on a modified version of the method described by Mak et al. (2001) . Yellowing and wilting were assessed using a 5-point scoring scale where 1 = healthy, no sign of symptoms, 2 = slight symptoms, mainly on lower leaves, 3 = advanced symptoms (∼50%), 4 = extensive symptoms (∼90%) and 5 = entire plant affected (dead plant). Splitting of the stem was assessed using a 3-point scoring scale where 1 = no sign of splitting, 2 = slight splitting at the base of the plant and 3 = extensive splitting. These point scale values determined the Leaf symptom index (LSI) of the cultivar or line.
For assessing the internal symptoms, plants were removed from the pots and the pseudostem was removed, leaving behind the corm and the root region. The plants were washed to remove soil from the roots then split longitudinally through the corm. Scores for corm infection intensity were made and an 8-point scale was used to compare the level of discolouration and to get the corm discolouration index (RDI). The LSI and RDI were used to obtain the disease severity index (DSI) that was used to determine susceptibility or resistance levels of the cultivar.
Statistical analysis
For pathogenicity test experiments, the Disease Severity Index of each cultivar and transgenic line was computed from the LSI and the RDI according to Mak et al. (2001) .
Plants with DSI scale of 1 for both LSI and RDI were classified as resistant. Plants with DSI scale between 1.1 and 2 for LSI and between 1.1 and 3 for RDI were classified as tolerant. Susceptible plants had DSI scale between 2.1 and 3 for LSI and between 3.1 and 5 for RDI. Highly susceptible plants had DSI scale higher than 3 for LSI and higher than 5 for RDI. The data generated for the transgenic lines was analyzed using DSI values and ANOVA using the Genstat software (14th edition). Significance was determined using Dunnett's test (p < 0.05).
RESULTS

Transformation and regeneration of transgenic plants
Embryogenic cell suspensions of 'Sukali Ndiizi' transformed with binary vector pYC11 were selected on kanamycin and the effectiveness of selection was evident within the first three weeks as the untransformed cells started turning brown and dying. Transformed cells developed into small white embryos which increased in size and matured over a period of two months. Matured embryos started germinating within 3 weeks when transferred to the germination media. A total of 84 embryos germinated and 69 shoots regenerated into plants (Figure 1 ).
Molecular characterisation
Total genomic DNA was extracted from the 69 putative transgenic plants. In case of the lines that were positively transformed, primers specific for nptII amplified the expected product size of 620 bp and primers specific for mCed9 produced a band of the expected product size of 291 bp (Figure 2) . A total of 42 lines tested were positive for both nptII and mCed9 transgenes.
From these 42 lines, total RNA was extracted from leaf tissues and a two-step RT-PCR was performed using primers specific for mCed9 and all lines produced a band of the expected product size of 291 bp (Figure 3) .
Nine transgenic lines 4, 12, 20, 21, 27, 55, 72, 83 and 96 were selected for southern analysis to determine the copy number of the transgene (Figure 4 ). The selected lines were a representation of those that were susceptible (4, 12, 21) and those that were tolerant line (27, 55, 72, 83, 96) after screening with Foc 1. Copy number ranged from 1 to more than 3. Line 20 had two copies while line 55 and 83 had one. There was no direct correlation observed between transgene copy number and level of tolerance to Fusarium infection.
Glasshouse trials
Pathogenicity of Foc race 1 isolate
It has previously been confirmed that East African highland banana cultivars (e.g. Nakinyika) are resistant to Foc race 1 while 'Sukali Ndiizi' is susceptible under field conditions (Kangire et al., 2001) . When 10 tissue cultured plants each from these two cultivars were infected, the Foc race 1 isolate used in this study was able to infect both cultivars. Sukali Ndiizi was severely infected even at 2 x 10 4 spores ml -1 spore concentrations while Nakinyika showed only mild symptoms even at the concentration of 2 x 10 6 spores ml -1 (Table 1) . Table 1 shows the computed disease severity index (DSI) values for the yellowing, wilting and corm discolouration, 8 weeks after infection. Corm discolouration was found to be the best indicator for assessing disease susceptibility and tolerance since wilting and yellowing was giving variable responses ( Figure 5 ). All deductions that were later made were based on corm discolouration responses. Nakinyika was confirmed resistant and Sukali Ndiizi susceptible therefore the Foc race 1 isolate used in this study was considered pathogenic to Sukali Ndiizi and was subsequently used in assessing the transgenics.
Determination of Foc race 1 inoculum for consistent infection
To evaluate the best inoculum (spores or mycelia), thirty plants each of Sukali Ndiizi and Nakinyika were infected with 250 g of millet pre-infected with 2 different concentrations of fungus spore suspensions (50 ml of fungal suspension containing 2 x 10 4 and 2 x 10 6 spores ml -1 ) or with 5 mycelium-covered agar stabs. Infected plants were observed for eight weeks. Sukali Ndiizi leaves showed yellowing two weeks after infection as compared to Nakinyika which showed milder yellowing but only after 4 weeks. Sukali Ndiizi plants infected with millet with 2 x 10 6 spores ml -1 and 5 agar stabs treatments were comparable for yellowing after 2 weeks and for wilting after 4 weeks. For the wilting and corm discolouration symptoms, all the treatments showed the same level of responses in Sukali Ndiizi after 8 weeks. However DSI values obtained for Sukali Ndiizi from millet treatment with 2 x 10 4 spores ml -1 were low (Table 1) in all cases compared with the other two treatments, indicating that the results with that inoculum were not the best indicators in the small pot assay. Furthermore, in treatment using 2 x 10 6 spores ml -1
, Nakinyika a cultivar known to be resistant to Foc race 1 showed some infection, indicating that the inoculum concentration was much higher than the one to which plants are normally exposed in the field (Table 1) . Therefore, instead of spores, millet infected with five mycelium-covered agar stabs was selected as a method of inoculation for all subsequent infection experiments.
Evaluating the reaction of transgenics to Foc race 1 infection
Twenty-eight transgenic lines of Sukali Ndiizi with 5 to 10 replicates each were inoculated with 250 g of millet infected with Foc race 1 using fivemycelium-coated agar stabs. Scores for external symptoms were recorded after 6, 8 weeks and 13 weeks. External symptoms were clearly visible six weeks after infection and intensified with increase in the duration of exposure to the fungus. By thirteen weeks, most lines showed variability in the level of susceptibility to Foc race 1 infection for all the symptoms, that is, yellowing (p < 0.001), wilting (p < 0.001) and corm discolouration (p < 0.001). When all the mean symptom scores were subjected to Dunnett's test, six lines were found to be significantly different from the infected control plants based on the corm discolouration (p < 0.001). Line 27 had the lowest mean symptom score for both external and internal symptoms and the corm was almost symptom free (Table 2) .
Based on the mean symptom score for corm discolouration, the transgenic lines were placed into three categories of disease severity (Figure 6 ). Lines 27, 72 and 83 were classified as tolerant, 12, 37, 55 and 96 as susceptible while the rest as highly susceptible to Foc race 1 infection. Within each transgenic line, the clones that showed any degree of infection were counted. Four lines had 2 or less clones infected, two lines had 3 clones while the rest had more than5 clones with corm discoloration symptoms.
DISCUSSION
Generating Fusarium resistant lines
Options for the control of Fusarium wilt are limited and there is lack of commercially suitable resistant cultivars. Hence, the introduction of resistance genes into banana plants via biotechnological means is one of the ways for developing resistant banana cultivars. Previously, recalcitrance to transformation hindered the attempts towards introducing novel traits in banana (Ganapathi et al., 2001 ). However, the transformation and regeneration frequencies of several banana cultivars have been improved over the years (Khanna et al., 2004; Arinaitwe, 2008) . The results obtained in this study further demonstrate the capacity of our laboratory to successfully transform banana cultivars using A. tumefaciens and male flower derived embryogenic cell suspensions. The Agrobacterium mediated method has been used to develop traits like resistance to banana bacterial wilt disease (Leena et al., 2010) and stimulation of the banana cell cycle (Talengera et al., 2012) . Genetic engineering to enhance antifungal resistance through over-expression of various transgenes has emerged as a very promising strategy and has been tested in many crop plants. Strategies like expressing Rgenes, pathogenesis-related (PR)/antimicrobial genes, detoxification of pathogen virulence factors, increasing structural barriers, and the modification of defencesignalling pathways have been used to produce transgenic plants (Grover and Gowthaman, 2003) . The use of RNAi technology has also shown survival of transgenics after infection which is attributed to the down regulation of F. oxysporum genes (Hu et al., 2015) . There are however, no current commercially available transgenic plant species with increased resistance towards fungal pathogens (Wally and Punja, 2010) . There are an increasing number of examples of plant-pathogen interaction strategies that result in control of cell death. We have previously reported in Australia that nematode anti-apoptosis gene Ced9 can be expressed in 'Lady (12, 37, 55, 96) and highly susceptible (4, 5, 6, 8, 9, 11, 14, 21, 28, 30, 33, 39, 46, 48, 53, 61, 65, 66, 80, 99) .
Finger' (AAB) banana to generate resistance to Foc race1 (Paul et al., 2011 ) . A plant codon optimized version of Ced9 (mCed9) was therefore expected to confer Foc race 1 resistance to 'Sukali Ndiizi', an AAB banana cultivar from East Africa and the results obtained further confirmed the potential for cell death inhibition in plant protection against pathogens.
In this study, transformation of Sukali Ndiizi with mCed9 was successfully achieved and a large number of independent transgenic lines were obtained and characterised. Generally, for stable transgene expression, lines with a single copy are preferred and several studies have shown that transgenics generated using Agrobacterium-mediated transformation system have lower transgene insertions with high frequencies of single transgene copy. In this study, the transgenic lines generated had copy number ranging from single to multiple and there was not found any direct correlation between copy number and Foc tolerance. The three best lines had variable copy transgene number.
Small plant bioassay and Foc inoculations
Fusarium infects the banana plant though the roots and the fungal hyphae adhere to the host root surface before fungal infection commences. The pathogen moves through the root parenchyma tissue until it reaches the vascular tissue and blocks the xylem vessels (Mai and Abawi, 1987) causing a reddish-brown discoloration of the corm and pseudostem. Wilting symptoms observed are the combined result of fungal spores and mycelium blocking the xylem, toxin production, and host defence responses such as tyloses, gums and gels (Beckman and Roberts, 1995) . Leaves of infected banana plants eventually become bright yellow, before they wilt and collapse around the pseudostem.
The two-month-old plantlets (10-15 cm tall) that were used to screen for Foc tolerance were found to be suitable and the pathogenicity of the inoculum used was confirmed using known resistant and susceptible cultivars. As expected, East African Highland banana cultivar 'Nakinyika' showed high tolerance to Fusarium wilt, while 'Sukali Ndiizi' was susceptible. All inoculated, susceptible plants showed both foliage and corm symptoms within the 13 weeks of trial, whereas the noninoculated plants remained symptom-free.
Different infection methods have previously been used for screening banana plants with Fusarium wilt. These include immersion of roots in spore suspensions of known concentrations or use of a substrate like Fumonisin. The present study used millet grain which favours spore multiplication and survival of the fungus (Smith et al., 2008) . Although even resistant plants can get infected if very high fungal inoculum load is used and they can show some foliar symptoms, however, corm damage occurs only in susceptible lines. Infection using different forms of Foc race1 inoculum with Sukali Ndiizi and 
Response of Mced9 transgenic lines to Foc Race 1 infection
Based on Mean Symptom Score Nakinyika proved that better consistency is obtained when mycelium-covered agar stabs are used to infect millet grain as compared to the spore suspensions. In other studies with other cultivars, infections have been achieved with spore suspensions (Pei et al., 2005; Mahdavi et al., 2012; Wei-ming et al., 2011) . However, there are differences in the proportion of different spore types (macroconidia, microconidia and chlamydospores) that different fungal isolates produce even when they belong to the same race (Groenewald et al., 2006) . The proportion of spore types present in the infection culture affects the virulence of the fungus. The agar stabs predominantly contain mycelium which could be a reason for better infection since the mycelium is responsible for nutrient absorption, quick colonisation and hence quick multiplication of the fungus. The internal and external glass house symptoms in this study showed 4 to 8 weeks after infection as opposed to field conditions where symptoms start becoming visible only after 5 to 6 months of infection. Field conditions have the limitations of being costly due to the need for space, lot of man power and the requirement for strict quarantine. The field environment, usually has factors affecting disease expression such as inoculum concentration, temperature and other variables that are difficult to control they are highly effective and reliable method for screening resistant lines.
An alternative method is to first screen a large number of lines using young plantlets in the glasshouse, under controlled conditions and using measured inoculum and pathogenicity tested races of Foc.
Assessing Fusarium wilt tolerance
Data analysis, which included yellowing, wilting and corm discolouration, showed variable Foc disease responses among the tested transgenic lines. The evaluated transgenic lines were categorized as tolerant, susceptible or highly susceptible, according to how they responded to the fungal infection (Table 1 ) based on scoring ranges by Mak et al. (2001) . Three lines showed tolerance and four lines showed low susceptibility whereas the rest of the lines were almost as susceptible as the wild type controls. When the transgenic plants were compared statistically with the infected non-transgenic plants, lines 12, 27 55, 72, 83 and 96 were significantly better than the control plants (p < 0.001). Similar observations have been previously reported in tobacco expressing Ced9 with the level of resistance displayed ranging from highly tolerant to completely resistant after S. sclerotiorum infection (Dickman et al., 2001) .
For pathogenicity studies, the number of infected clones of a given line can also be considered indicative of the level of susceptibility. Lines with less than 3 infected clones are better indicators of resistance than those with a large number of clones showing infection. Four lines had only 1 or 2 clones that showed severe corm damage after Foc race 1 infection. Of these lines, two (line 27 and 72) were only mildly affected by Foc race 1 infection. Since all the infected transgenic lines were PCR checked, the variable response levels among these transgenic lines could be due to the different integration patterns that could have occurred for each line. Variation in expression and stability which is reported to be caused by environmental effects, promoter methylation, inter-loci interactions and gene silencing can also be responsible for the differences observed (Marenkova et al., 2012) . The lines generated as part of this study were evaluated for a single growth cycle and the performance of these genes in ratoon crops was not assessed. For assessing long term transgene expression stability, these lines should be evaluated in the field for at least up to the 10 th ratoon crop.
Transgene choice-mCed9
Genes that target the pathogen itself or neutralise the pathogen derived metabolites are being exploited in many crops for providing resistance to Foc in susceptible cultivars. Two lines of a susceptible banana cultivar transformed with a plant ferrodoxin like protein (flp) gene resulted in 14.2 and 20.8% disease severities compared to the wild type which had 41.6% after Foc 4 infection . Similarly, transgenic Pisang Nangka cultivar with the rice thaumatin-like protein (tlp) had disease incidence of 29.4% compared to the control plant which had 89.1% after 4 weeks of infection (Mahdavi et al., 2012) . Although such genes like the thaumatin-like protein have shown lower disease severities compared to the control plants, the necrotrophic nature of F. oxysporum demands for a better resistance strategy that would prevent the fungus from killing the plant cells even after infection. Such a strategy will provide more sustainable Fusarium wilt resistance. Anti-apoptosis genes that are able to prevent cell death after infection have shown promising protection in tomatoes, tobacco and banana when challenged with various pathogens (Dickman et al., 2001; Ping et al., 2004; Paul et al., 2011) . In the present study, the effect of Foc race 1 infection on transgenic Sukali Ndiizi banana containing the plant-codon optimised synthetic version of a nematode anti-apoptosis gene Ced9 was evaluated. Even though Ced9 was previously used for 'proof-ofconcept' that it can confer Foc race 1 tolerance to bananas, we have also been aware of the possible regulatory problems related to using a nematode gene for product development. Consequently, we designed a synthetic mCed9 (modified Ced9) gene with the same amino-acid sequence as Ced-9 but with altered DNA sequence using plant-preferred codons.
Although many animal anti-apoptosis genes have been shown to prevent cell death and confer biotic and abiotic stress tolerance to plants (Dickman et al., 2001; Paul et al., 2011) , the mode of action of anti-apoptosis genes in plants is not clearly known. Bcl-2 3'UTR has previously been shown to protect plant cells from biotic and abiotic stress (Dickman et al., 2001 ) and some studies have indicated that microRNAs, e.g. miR-7 regulate the expression of anti-apoptosis gene Bcl-2 through direct 3'UTR interactions (Xiong et al., 2011) , in this study, we started with the hypothesis that in case of Ced9, it is probably the anti-apoptosis protein and not the DNA/RNA sequences that are involved in generating fungal resistance in the transgenics. This hypothesis was confirmed in this study because 'Sukali Ndiizi' mCed9 transgenics showed Foc race1 tolerance similar to Ced9 transgenics of 'Lady Finger'.
Animal derived anti-apoptosis genes have shown promising protection in plants when challenged with various pathogens. The human Bcl-2, nematode Ced9 and baculovirus op-iap were all able to control S. sclerotiorum in transgenic tobacco (Dickman et al., 2001) , while the human Bcl-xL and nematode Ced9 genes increased tolerance of tomato to cucumber mosaic virus (Ping et al., 2004) . Such findings suggest that the products of these anti-apoptosis genes interact with the natural homologues present in plants. Furthermore, some plant Pathogen Related (PR) genes and R genes in plants have been found to be closely related to mammalian Apaf -1 and the nematode ced4 which genes are known to be regulators of programmed cell death. Recently, it has also been found that the products of these genes (Apaf -1 , Ced4 and plant R gene) also share amino-terminal effector domains which could further show homology (Christina and Arunika, 2012) . Some Bcl-2 associated anthanogenes (BAG) have been found (Juqiang et al., 2003) and in Arabidopsis, eight BAG genes have been identified and the AtBAG6 gene is associated with reduced disease development in B. cinerea (Kabbage and Dickman, 2008) . In a recent study where native banana genes MusaDAD1, MusaBAG1 and MusaBI1 were used, only MusaBAG1 showed high levels of resistance to Foc 1 (Ghag et al., 2014) . It is therefore possible that plant protection via cell death inhibition in naturally resistant plants occurs through BAG genes which interfere with the products of R genes and pathogenesis related proteins to eventually prevent death of cells.
Conclusions
The results obtained in this study further demonstrate the capacity to successfully transform 'Sukali Ndiizi' cultivar and other elite cultivars using A. tumefaciens and male flower derived embryogenic cell suspensions. Modified C. elegans mCed9 gene driven by maize ubiquitin promoter expressed in the transgenics generated could provide significant protection to at least three transgenic Sukali Ndiizi lines against Fusarium wilt. These lines can now be multiplied and evaluated in a disease screening trial in the field with reference cultivars for resistance and tolerance included.
Although this study used a plant codon optimised synthetic gene of nematode origin successfully, using genes of plant origin like the BAG genes would be preferable for purposes of public acceptance (Enoch et al., 2011; Ghag et al., 2014) . Identification and isolation of other sequence homologues of the genes involved in programmed cell death can be exploited for generating Fusarium wilt resistant banana cisgenics.
